In this work, we introduce a non-convex MINLP optimization model for water management in shale gas production. The superstructure includes direct reuse in the same or neighboring wellpads, treatment in mobile units and in centralized water treatment (CWT) facility, and transport to Class II disposal wells. We consider four different water qualities: flowback water, impaired water, desalinated water and freshwater.
INTRODUCTION
Natural gas production worldwide is expected to increase 62% by 2040. The largest component in the projected growth is due to shale gas production, which will increase from 342 billion cubic feet per day (Bcf/d) in 2015 to 554 Bcf/d by 2040.
1 Currently, only
United States, Canada, China and Argentina have commercial shale gas production.
However, Mexico and Algeria are expected to contribute to the projected growth due to the technological improvements made in the extraction techniques.
1,2
It is well-known that the extraction of shale gas, apart from generating huge benefits, has associated environmental risks including many water-based concerns. The exploitation of a shale gas well includes exploration, wellpad construction, well drilling, well treatment and completion, and production. The largest volume of water used is during well treatment and completion where hydraulic fracturing occurs. Operators fracture shale gas wells in 8 to 23 stages, using from 190 to 38,000 m 3 of fracturing fluid per well depending on shale gas formation. 3 Fracturing fluids typically contain about 90% water, 9%
propping agent and less than 1% of friction-reducing additives. 3, 4 After the well is hydraulically fractured, the pressure of the wellhead is released allowing a portion of wastewater, called flowback water, return to the wellhead. Flowback is recovered from few days to few weeks containing total dissolved solids (TDS) ranging from 10,000 to 150,000 mg L -1 . The wastewater that continues generating over the life of the well (10 -30 years) is called produce water. The TDS concentration in long-term produce water can reach 250,000 mg L -1 . Both wastewater volume and concentration of TDS is uncertain and varies with the geographical properties of the formation. As a rule of thumb, the volume of wastewater generated is 50 percent flowback water and 50 percent produce water. 3 Current water management strategies include disposal of wastewater via Class II disposal wells, transfer to a centralized water treatment facility (CWT) or direct reuse in drilling the subsequent wells. The reused flowback is called impaired water. This water management strategy has been possible due to the development of salt-tolerant friction reducers. 3, 5, 6 Previous friction reducers were not compatible with salt-water, therefore they were not able to control friction pressure losses and associated pump pressure. Direct reuse in drilling the subsequent wells is currently the most popular option due to its operational simplicity for contractors. 7 Moreover, this practice has the potential to decrease the environmental issues associated with shale gas water management such as transportation, disposal or treatment. However, the cost of friction reducers increases with the concentration of TDS. Operators must take into consideration that reusing impaired water, the concentration of TDS will increase over the time representing a major cost-barrier.
Several works have been reported on the optimization of shale gas water management.
Yang et. al 8 proposed a discrete-time two-stage stochastic mixed-integer linear programming model to determine -in short-term operations -the optimal fracturing schedule and transportation, storage, treatment and disposal cost under uncertain availability water. The model does not account for TDS concentration. They developed an extended model 9 accounting for TDS to consider long-term decisions for investments in water treatment, impoundments and pipelines. However, to avoid non linearities they used an approximation by discretizing the TDS concentration. Bartholomew and Mauter 10 used the Yang et. al model 9 integrating human health and environmental impacts with multi-objective optimization. However, the authors do not consider return to pad operations, and fixed the blending ratio a priori. Gao and You 11 proposed a mixed-integer linear fractional programming model to maximize the profit per unit of freshwater consumption. The authors include multiple transportation modes and water management options. Nevertheless, they also do not consider return to pad operations and they fixed the blending ratio and fracturing schedule a priori. Gao and You 12 also presented a mixedinteger nonlinear programming problem addressing the life-cycle economic and environmental optimization of shale gas supply chain network. Guerra et al. 13 presented an optimization framework that integrates water management and the design and planning of the shale gas supply chain. In this case, the fracturing schedule and sizing of storage facilities are out of the scope of the proposed framework. Moreover, they do not consider reusing water directly, without treatment. Lira-Barragán et. al 14 presented a mathematical model for synthesizing shale gas water networks accounting uncertainty in water demand for hydraulic fracturing and flowback water forecast. Lira-Barragán et. al 15 also
developed an MILP mathematical programming formulation accounting for economics by minimizing the cost for the freshwater, treatment, storage, disposals, and transportation, and minimizing freshwater usage and wastewater discharge as an environmental objectives. However, in both works the schedule is fixed in advance, and the wastewater is always treated. Recently, Drouven and Grossmann 16 proposed an MILP model to identify the optimal strategies for impaired water overestimating the cost of friction reducers. The authors consider return to pad operations and assume that the waterblending ratio is unrestricted. However, the mathematical model does not account for other water management strategies nor the salt concentration of impaired water.
This paper focuses on overcoming some of the limitations of the previous papers cited The objective of the proposed model is to maximize the "sustainability profit" 17 in order to obtain a compromise solution between economic, environmental and social aspects.
The advantage of this metric is that multi-objective optimization can be reduced to a single-objective since all the indicators are expressed in monetary terms.
The rest of the paper is organized as follows: Section 2 describes the problem statement.
In section 3, the mathematical MINLP model is described in detail. In section 4, the modeling and solution strategy are described. The results obtained from different case studies based on Marcellus play are presented in section 5. Finally, the last section summarizes the conclusions of the present work.
PROBLEM STATEMENT
The problem studied in this paper can be stated as follows. Given are the following:
• A set of shale gas wells belonging a specific wellpads including water requirements, fracturing time and crews available to perform the drilling and completion phase.
Profiles for the flowback flowrate, TDS concentration and gas production curve per well are also provided.
• The capacity and the maximum number of fracturing tanks. Each storage unit includes the cost associated to move, demobilize and clean out the tank before removing it from the location and leasing cost.
• The capacity and the maximum number of freshwater tanks available to store the water required to complete each well.
• The capacity and the maximum number of impoundments. Freshwater can also be stored in freshwater impoundments.
• A set of freshwater sources available to supply the water for hydraulic fracturing operations and the water withdrawal cost.
• A set of Class II disposal wells to inject the wastewater and the corresponding cost of disposal.
• A set of treatment technologies to desalinate the flowback water onsite. The maximum capacity, treatment cost, leasing cost and the cost associated to move, demobilize and clean out are also given.
• A set of centralized water treatment (CWT) plants and the treatment cost and maximum capacity of each facility.
• Locations of freshwater source, centralized water treatment (CWT), disposal wells and wellpads.
• Transportation costs of freshwater and wastewater via trucks.
• The cost of moving rigs, well drilling and completion, shale gas production and friction reducers are given.
• The sales price of shale gas per week for all prospective wells is provided.
The problem is to determine: wellpad fracturing start date (fracturing schedule), number of tanks leased at each time period, flowback destination (reuse, treatment or disposal), and type and location of onsite desalination treatment at each time period.
The superstructure proposed for water management in shale gas operations is shown in Figure 1 . The water management system comprises wellpads p, shale gas wells in each wellpad w, centralized water treatment technologies (CWT) k, natural freshwater sources f, fracturing crew c, and disposal wells d.
As commented before, after hydraulic fracturing, a portion of the water called flowback water returns to the wellhead. The flowback water is stored onsite in fracturing tanks (FT) before basic treatment (pre-treatment) in mobile units, or else transported to CWT facility, Class II disposal, or to a neighboring wellpad. Pre-treatment includes technologies to remove suspended solids, oil and grease, bacteria and certain ions that can cause the scale to form on equipment and interfere with fracturing chemical additives. 18 After pretreatment, the water can be used directly as a fracturing fluid in the same or neighboring wellpad, or it can be desalinated in the onsite TDS removal technologies.
Two desalination technologies can be selected such as multi-stage membrane distillation (MSMD) 19 and multi-effect evaporation with mechanical vapor recompression (MEE-MVR) 20, 21 . We consider that the outflow brine salinity in the onsite treatment is close to The assumptions made in this work are as follows:
• A fixed time horizon is discretized into weeks as time intervals.
• The volume of water required to fracture each well is available at the beginning of well development, and includes the water used in drilling, construction and completion.
• Onsite pretreatment (OP) process provides adequate contaminant removal for the next operations.
• Friction reducers costs increase linearly with the concentration of salts.
• Transportation is only performed by trucks.
MATHEMATICAL PROGRAMMING MODEL
The optimization problem is formulated as an MINLP model that includes: assignment constraints, material balance in storage tanks, mixers and splitters, logic constraints, and an objective function. The mathematical problem is detailed below.
Set definition
The following sets are defined to develop the MINLP model. 
where is a parameter that indicates the time required to fracture well w by fracturing crew c.
Shale water composition and water recovered
After a well is hydraulically fractured, a portion of the water injected is returned to the wellhead, , , 
Mass and salt balance in storage tanks
The level of the storage tank in each time period ( , , ) depends on the water stored in the previous time period ( −1, , ), the mass flowrates of the inlet streams belonging the storage tank s, and the mass flowrates of the outlet streams belonging the storage tank s.
The salt mass balance in fracturing tank is described by the following equation, 
Storage balances
Flowback water and freshwater are stored in portable leased tanks at wellpad p. Eq. (10) describes the storage balance of tank s in wellpad p in time period t, , ,
where , , is the total number of tanks, , , and , , represent the number of installed or uninstalled tanks in a specific time period.
The amount of water stored , , is bounded by the capacity of one tank and the number of tanks installed. As the time horizon is discretized into weeks, the storage tank should handle the inlet water that comes from one day. Therefore, , , represents the inlet water in the storage tank divided by the number of days in a week to avoid oversizing the tanks, 
, , , 
and are lower and upper bounds of the number of tanks installed. , , indicates the installation of each tank s on wellpad p at time period t.
The total freshwater stored also depends on the number of freshwater impoundments installed,
, , 
where imp V is the capacity of an impoundment.
Water Demand
The amount of water required per wellpad ( , ) can be supplied by a mixture of fresh
The fracturing water ( , , ) required in each well is given by constraint (17),
The following constraint indicates that the water available at each well, when the well is fractured must be greater or equal than the water demand of each well ( ),
, ,
,,
Onsite treatment
Mass balance around onsite pretreatment technology is described in Eq.(19), , ,
,
The relation between inlet and outlet mass flowrate is modeled by using the recovery factor (
After pretreatment, the water can be used as a fracturing fluid ( , ) or/and can be sent to desalination technology ( , ,
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The total and salt balances around the onsite desalination treatment are given by Eqs. (22) (23) . In order to achieve the outlet stream close to ZLD conditions, the outlet brine salinity 
Two options have been considered for TDS reduction such as MSMD and MEE-MVR.
The onsite desalination treatment is also leased. Hence, onsite treatment balance is described in the following equations.
, , , ,
on on on ins on unins t p n t p n t p n t p n n n n n t T p P n N
The number of onsite treatment leased depends on the total number of portable treatments available.
, , ,
on LO on on ins on UP on n t p n t p n n t p n
Eq (26) represents the mass balance through the desalination unit, ,,
The following equation Eq. (27) represents the selection of treatment units and their maximum capacity.
The flow directions for the desalinated water are given by Eq. (28 
Centralized water treatment
In this section, mass balances are performed in the CWT facility. Eq. (29) shows the relationship between inlet and outlet streams, and Eq. (30) constraints the inlet flowrate of CWT k with the maximum flowrate allowed.
,, ,
,, ,,
The freshwater mass balance at the end of CWT k is given by Eq.(31),
Sustainability profit -Objective function
The objective function to be maximized includes the economic profit (P Economic ), eco-cost (C Eco ) and social profit (P Social ).
Economic profit includes revenues from natural gas minus the sum of the following expenses: drilling and production cost, wastewater disposal cost, storage tank cost, freshwater cost, friction reducer cost, wastewater and freshwater transport cost and onsite and offsite treatment cost.
( ) 
where , , is the gas production and is the gas price forecast in time period t.
Drilling, completion and production cost are defined by Eq. (35 
The CWT cost is given by Eq. (42) and it depends on the cost that the treatment plant imposes for treating the flowback water from shale gas operations ( ).
The cost of moving crews and rigs depends if the candidate well is going to be fractured in the same or other wellpad. With that purpose, the binary variable , , is equal to 1 if at least one well is drilled in wellpad p in time period t by crew c, , , 
,, 1,
Eco-cost is a robust indicator from cradle-to-cradle LCA calculations in the circular economy that includes eco-costs of human health, ecosystems, resource depletion and global warming. The terms are calculated by using eco-cost coefficients. 22 In our problem, the eco-cost term includes natural gas extraction, freshwater withdrawal, desalination, disposal and transportation. The eco-cost to be minimized is defined by Eq. (46),
where r and g are indices for raw materials and products, respectively. represents ecocost of raw materials and products and is the eco-cost of transportation. All coefficients are proportional to mass flows ( ).
Social profit includes social security contributions paid for the employed people to fracture a well (SS), plus the social transfer by hiring people (SU), minus social cost (SC). 17 We only take into account the number of jobs on a fracturing crew and the time that they are working to fracture a specific well. Once the well is completed, the number of jobs generated by truck drivers or maintenance team are not considered. 
SOLUTION STRATEGY
The optimization problem is modeled using total flows and salt composition as variables.
This proposed MINLP model -Eqs. (1)-(47) -involves bilinear terms in the salt water
mass balances -Eqs. (7), (9), (23) and (39). These terms are the source of the non-convexity in the model. An advantage of using this representation is that the bounds of the variables present in the non-convex bilinear terms can be easily determined. If local solvers are selected to solve the MINLP problem, we may converge to a local solution.
Global optimization solvers can in principle be used but may not reach a solution for a large scale non-convex MINLP problems in a reasonable period of time. Thus, we propose the following decomposition strategy in order to achieve a trade-off between the solution quality vs time.
• The original MINLP is relaxed using under and over estimators of the bilinear terms, McCormick convex envelope 23 , which leads to an MILP. To this aim, the bilinear terms in constraints (7), (9), (23) and (39) The model is implemented in GAMS 25.0.1. 24 The relaxed MILP problem is solved with 
CASE STUDIES
The case studies shown in Table 1 28 Our goal is to determine the optimal water management during the flowback water process. Therefore, we consider the natural gas production and wastewater generated in the first twelve weeks. Flowback water generation is the critical period for shale gas water management. In this phase, the coordination between different contractors is crucial since the water is recovered in a short time period. The inlet TDS concentration increase with time ranging from 3,000 to 200,000 ppm. We assume that 50% of the water used to fracture a well, which ranges from 4,800 to 18,600 m 3 , is recovered as flowback water. 
The optimal fracturing schedule for each case study is shown in Figure 2 . All wells are fractured before time period forty. This allows to treat the flowback water and extract the natural gas that comes from all wells in the first twelve weeks. In all cases, the optimal solution shows that the fracturing schedule includes return to padoperations, except in Case 5 where it is prohibited. Therefore, moving the crew from one wellpad to another without fracturing all wells that belong to the candidate wellpad is profitable. Return to pad-operations always must take into consideration to the optimal shale gas fracturing schedule.
The various items of the objective function are shown in Table 2 . The negative values of the objective function mean that the result obtained is not a sustainable or viable solution. Case 1 has the highest sustainable profit value equal to $840k where the economic profit, eco-cost and social profit are equal to $16,909k, $17,490k and $1,421k, respectively.
Although the environmental component has a high negative value, the model can find a compromise solution between economic, environmental and social criteria. The reuse of the flowback water to fracture other wells is the selected option for water management.
Once all wells have been fractured, the water management option selected is to desalinate the wastewater with onsite desalination treatment. Reuse the flowback water to fracture other wells implies the need to use costly friction reducers. However, we can realize comparing the results obtained of Case 2&3 vs Case 1 (see Table 3 ) that reusing the water to fracture other wells yields large savings in transport, treatment and water withdrawal costs. It is important to highlight that although 90,580 m 3 of impaired water is reused, freshwater is still necessary (132,720 m 3 ) as the flowback only represents 50% of the water injected into the well. Figure 3 shows the freshwater and impaired water use for each case study. As can be seen, when the cost of friction reducers is overestimated, the impaired water used as fracturing fluid decreases 7.5%. This is because the lower cost In Case 1 the producer would spend $167k on tolerant additives, while overestimating the price of friction reducers this cost would rise to $252k. It should be noted that in Case 4 a compromise solution between economic, environmental and social criteria is also found, although the sustainable profit decreases 13%. Therefore, if the concentration of TDS increases over the time due to the use of impaired water as a fracturing fluid, reusing it to fracture other wells will be the best water management option.
In the other case studies (Cases 2, 3 & 5), a compromise solution is not found. Therefore, the sustainable profit is negative, and no wells should be fractured. However, in these cases, we enforce that all wells must be fractured at the end of the time period in order to compare the results obtained with the others case studies. The worst scenario studied is Case 2, where the only water management option available is to send the wastewater to Class II disposal wells. The sustainable profit is equal to -$16,325k. Both eco and economic costs to send flowback water to disposal is too high compared with other water management options. Therefore, disposal wastewater into Class II disposal wells should be excluded for wells based on Marcellus play. Case 3, where desalination is the only water management strategy allowed, has lower economic and eco impact than disposal, although the sustainable profit still remains negative equal to -$57k. In this case, part of desalinated water is reused to fracture others wells. This allows important economic and environmental savings in transportation and water withdrawal. Finally, it is interesting to mention that in Case 5, where the fracturing schedule is restricted to be sequential, is the second worst scenario. Although the wastewater reused (85,152 m 3 ) is close to the impaired water of the first scenario (90,580 m 3 ), the revenue obtained from natural gas decreases 9% compare with the revenue obtained from Case 1. Hence, the fracturing schedule is highly dependent on the price and production of the natural gas forecast.
In Table 3 , the different costs from the five case studies are reported in detail. Waterrelated costs range from 5 to 13% for the different case studies of the revenue of shale gas production. Regarding economics, the cost of drilling and production represents for Cases 1, 3, 4 & 5 the highest contribution of the total cost. In Case 2, the disposal cost yields the highest contribution in the total cost ($10,165k), however, it is close to the drilling and production cost equal to $9,523k. Regarding the environmental criterion, the eco-cost of natural gas production is equal to $17,375k, which is significantly higher than the others calculated eco-cost (see Table 3 ). Transportation cost decreases reusing the wastewater to fracture other wells (see Table 3 Cases 1, 4 & 5 vs Cases 2 & 3). However, they still represent a high contribution to the final economic and environmental water cost (see Figure 4) . Except for Case 2 that disposal represent the highest eco and economic percentage, transportation represents around 45% of the total water-related economic cost, and around 80-60% of the eco-cost.
Other authors include transportation of freshwater via pipelines to avoid impacts such as road damages, traffic accidents and CO2 emissions. 9 , 12 However, in this work we analyze the water strategy with only truck hauling since it provides enough flexibility to guarantee freshwater supply without the uncertainty of pipelines construction permits. Despite the concern of the usage of freshwater for well fracturing, economic and environmental cost of water withdrawal only represent around 15% of the total waterrelated cost. However, it is important to take into consideration that freshwater withdrawal is an issue in water-scarce areas where the water demand is high. In these areas, producers must deal with higher water withdrawal cost, environmental impact and with the competition to gain water withdrawal permits.
Note that the total water storage cost is significant in the optimization of water management (see Figure 4) . In this work, we rigorously calculate the number of tanks in each time period considering installing, uninstalling, clean out and leasing costs.
Simplifying the storage solution and considering that the maximum capacity needed is available from the first to the last time period, as other authors have assumed 9, 14 , the storage cost increases by 53%. The results reveal that reusing flowback water is possible to obtain a compromise solution between economic, environmental and social criterium. The level of TDS in impaired water is not an obstacle to reusing it for fracturing purposes, although the concentration increases over the time, and consequently the cost of the friction reducers. Also, it has been shown that onsite desalination treatment can be cost-effective for operators once no more wells are available to be fractured. Finally, it should be noted that transportation is the highest water-related contribution to both economic and environmental impacts. Indicates when the water starts to come out on well w on wellpad p in time period t
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APPENDIX A
The parameters used in this work are listened in the following tables. Demobilize, mobilize and clean out cost ( 
